In apple (Mais domestica Borkh.) sorbitol is the primary product of photosynthesis, the major translocated form of carbon, and a common fruit constituent and storage compound. Previous work on sorbitol metabolism has revealed a NADPH-dependent aldose 6-phosphate reductase (A6PR) in green tissues, and a NAD-dependent sorbitol dehydrogenase in nongreen tissues. Results here show a decrease in sorbitol dehydrogenase activity and an increase in A6PR activity as leaves developing in the spring undergo the transition from sink to source. Sorbitol dehydrogenase activity reached a minimum as A6PR peaked. These changes were related to increases in leaf carbohydrate levels, especially sorbitol, and to increases in rates of net photosynthesis. Studies conducted in the autumn on senescing leaves also showed changes in enzyme activites, leaf carbohydrate levels, and photosynthesis. At this time, however, sorbitol dehydrogenase increased in specific activity, whereas A6PR activity, leaf carbohydrates, and photosynthetic rates all decreased substantially. Other experiments showed differences in the ability of young and mature leaves to metabolize sorbitol and in the distribution of sorbitol enzymes in (20, 28) . Invertases, in particular, present problems. Unless compartmentation of some type is invoked as an explanation, invertases may be present in amounts sufficient to hydrolyze more sucrose than is present (8). Furthermore, the respective roles of invertases and sucrose synthase in cleavage and possible synthesis still need clarification (7, 21, 28) . Still another problem is determining the appropriate assay conditions for sucrose phosphate synthetase from a given source (28). The purpose of this study was to look at sink-source interconversions in a species where sucrose is not the major translocated carbohydrate, and thereby avoid some of the problems in surose metabolism in sink-source interconversions. In apple, sorbitol, a polyol, is the major translocated form of carbon. Although polyoltranslocating plants have been studied little, we do know that sorbitol is synthesized via a NADPH-dependent A6PR2 (18). In nongreen tisues, sorbitol is oxidized via a NAD-dependent SDH (17). This paper describes changes in activities of both sorbitol enzymes and also changes in photosynthetic rates and levels of soluble carbohydrates in leaf tissues as leaves underwent sinksource interconversions. Developing leaves were studied both early in the season and late, to see what changes were most closely associated with sink-to-source or heterotroph-to-autotroph interconversions.
and an increase in A6PR activity as leaves developing in the spring undergo the transition from sink to source. Sorbitol dehydrogenase activity reached a minimum as A6PR peaked. These changes were related to increases in leaf carbohydrate levels, especially sorbitol, and to increases in rates of net photosynthesis. Studies conducted in the autumn on senescing leaves also showed changes in enzyme activites, leaf carbohydrate levels, and photosynthesis. At this time, however, sorbitol dehydrogenase increased in specific activity, whereas A6PR activity, leaf carbohydrates, and photosynthetic rates all decreased substantially. Other experiments showed differences in the ability of young and mature leaves to metabolize sorbitol and in the distribution of sorbitol enzymes in leaves at transitional developmental stages. The results suggest that sorbitol metabolism in apple is tightly controlled and may be related to mechanisms regulating partitioning or source and sink activity.
Changes in the activities of enzymes responsible for synthesis and degradation of translocatable carbohydrates have been studied in several plants. Justification for such studies is due in part to the role these enzymes may play in the capacity of a photosynthesizing leaf to export carbohydrates. Equally important is the role these enzymes must play in mechanisms determining sink activity. Studies of the factors controlling activities of the enzymes involved could lead to a better understanding of control processes in photosynthesis, translocation, and storage (9) . For trophic-autotrophic transitions in leaves using sucrose or oligosaccharide translocating species, ie. Beta vulgaris (6, 8) , Populus deltoides (14) , Lolium temulentum (19, 20) , Cucurbita spp. (26, 27) , and Coleus (25) . Of these studies, those looking at carbon metabolism generally showed increases in the capacity to synthesize sucrose, especially increases in sucrose phosphate synthetase (8, 19) . Interpretation of such results, however, is often complicated for several reasons. There may be concomitant changes in the activities of various invertases or sucrose synthase, enzymes usually associated with sucrose utilization (20, 28) . Invertases, in particular, present problems. Unless compartmentation of some type is invoked as an explanation, invertases may be present in amounts sufficient to hydrolyze more sucrose than is present (8) . Furthermore, the respective roles of invertases and sucrose synthase in cleavage and possible synthesis still need clarification (7, 21, 28) . Still another problem is determining the appropriate assay conditions for sucrose phosphate synthetase from a given source (28) . The purpose of this study was to look at sink-source interconversions in a species where sucrose is not the major translocated carbohydrate, and thereby avoid some of the problems in surose metabolism in sink-source interconversions. In apple, sorbitol, a polyol, is the major translocated form of carbon. Although polyoltranslocating plants have been studied little, we do know that sorbitol is synthesized via a NADPH-dependent A6PR2 (18) . In nongreen tisues, sorbitol is oxidized via a NAD-dependent SDH (17) . This paper describes changes in activities of both sorbitol enzymes and also changes in photosynthetic rates and levels of soluble carbohydrates in leaf tissues as leaves underwent sinksource interconversions. Developing leaves were studied both early in the season and late, to see what changes were most closely associated with sink-to-source or heterotroph-to-autotroph interconversions.
MATERIALS AND METHODS
Unless otherwise indicated experiments used spur leaves from 14-year-old apple ( Malus domestica cv. Starkrimson) trees growing in the horticulture orchard at Pullman, Washington.
For soluble carbohydrate determinations, leaves were collected at 9 AM, lyophilized, and 100 mg extracted 2 x in 10 ml of 80%o ethanol, followed by 10 ml of H20. Combined extracts were partitioned against 10 ml CHCI3, and a 10-ml aliquot of the aqueous phase passed through a 11 x 45 mm QAE-25-Sephadex column (22 derivatized to the tri-silyl ethers (24) . Analyses were conducted using a dual-column, temperature-programmed Hewlett-Packard 5830A gas chromatograph with flame ionization detectors and 3% OV-17 on 80/100 mesh chromosorb in 1.6 mm x 1.8 m stainless steel columns.
For enzyme extractions leaves with midribs removed were rinsed with distilled H20, drained, and patted dry with a paper towel. A 10-g sample was frozen in liquid N2, then ground in a mortar and pestle to a fine powder. The powder was transferred to a comminution bottle on ice containing 80 ml Tris (100 mm, pH 8.0 at 25°C), DTT (1 mM), and PVPP 14 g, prepared according to Loomis and Bataille (15) Enzyme assay procedures have been described (18) . Chl was determined following the method of Amnon (1). Protein was determined using the method of Bradford (5).
Photosynthetic rates were determined with a Beckman 865 IR gas analyzer using an open system (12) . Photosynthetic photon flux density, obtained with a l,000-w Lucalux lamp, was 1,200 to 1,400 ,uE m-2 s-', and the temperature in the leaf chamber was 25°C. For plant material, branches were cut from orchard trees each morning, brought into the laboratory, recut under water, and the ends were placed into a container with water. Spur leaves were used for all photosynthetic determinations.
For sorbitol utilization experiments, the procedures used were adapted from those of Bieleski (2 (Fig. IE) , but, like photosynthetic rates, less than those observed midspring. Total carbohydrate content increased slightly, then decreased rapidly as leaves senesced (Fig. 1E) . Sorbitol content decreased the most, and sucrose essentially fell to zero. Glucose and fructose changed little.
Enzyme activities showed little change until very late in the season (Fig. IF) . A6PR activity remained high, and did not drop until after net photosynthesis was zero. SDH was barely detectable initially, but increased substantially as photosynthesis declined, and continued increasing until abscission. Unlike the spring results where changes in sorbitol synthesis and oxidation both appeared closely correlated with changes in photosynthetic rates, decreases in A6PR activity in the autumn occurred only after the decreases in photosynthesis. Increases in SDH did, however, appear inversely related to the decreases in photosynthesis.
Because all parts of a leaf do not develop simultaneously, and because a leaf tip may even be autotrophic at a point in time when the leaf base is still importing carbohydrates (14), we conducted enzyme studies on leaves that were approximately halfway, 50%o fully expanded, through the transition from heterotrophy to autotrophy. Although whole apple leaves at this stage contain substantial levels of both SDH and A6PR (Fig. IC) , the ratio of the activities ofthe two enzymes in the tip and base should be different if the leaf is not maturing uniformly. Table I contains results comparing SDH and A6PR activities in the tip and basal thirds of such transitional leaves. Although both tip and base had substantial A6PR and SDH activities, SDH was higher in the base and A6PR was higher in the tip. The ratios, tip-to-base activities, were 0.71 for SDH and 1.36 for A6PR, indicating substantial differences in the distribution of the two enzymes in the leaf. Chl levels were related to these differences with lower levels in the developmentally less mature base.
To confirm that measured differences in enzyme activity reflected in vivo metabolic activity, sorbitol metabolism was monitored by providing labeled sorbitol to both young and mature leaf segments. (23) . In fact, high levels of invertase activity have been found during growth in a variety of tissues, and invertase activity is usually inversely related to sucrose content. Interpretation of such results may be complicated for several reasons: (a) the multiple forms of invertase present in some tissues, (b) the high levels of total invertase activity, and (c) the sometimes delayed effect of changes in activity on sucrose levels (20) .
Also complicating the interpretation of sucrose metabolism is the still somewhat undefined role of sucrose synthase in sucrose utilization. The enzyme is usually associated with utilization (7, 21) , but in some tissues there may be a role in synthesis (9) . In addition, many tissues contain sucrose synthase as well as multiple invertases.
Still another complicating factor involves sucrose synthesis. Sucrose phosphate synthetase is clearly responsible for synthesis (7, 9, 21) , and should, if the enzyme changes at all in a developing leaf, be expected to increase in activity as the tissues undergo transitions from sink to source. In the few studies done with developing leaves, however, the results appear equivocal since the assay methods used have rarely been evaluated as to their suitability in the species and tissues studied (8, 19 (17) and fruit tissues (30) , and A6PR has been associated primarily with green leaves (11, 18) as well as fruit (10) and seedling tissues (29) 
